Because species-specific interactions between plants and insects require considerable physiological adaptations to establish and be maintained through time and space, highly specialized interactions are rare in nature. Consequently, even if some one-to-one interactions might appear locally specialized, additional partners may be involved at a wider scale.
In its early definition, the coevolutionary theory predicted that adaptive responses and speciation patterns in organisms were strongly influenced by one or a few interacting species (Ehrlich and Raven 1964) . This has led to a simple view of coevolution, in which the evolutionary history of interacting organisms mostly occurs in a strict framework of coadaptation and cocladogenesis, as formerly proposed in the case of figs and fig-wasps (Ramirez 1970 , Jousselin et al. 2008 . Establishing highly specific relationships would thus represent an evolutionary stable strategy, since it would imply a rise in the efficiency of exploitation, and would assure the constancy through time of the resource(s) exploited (Bronstein 2009 ). However, such cases of speciesspecific interactions between plants and insects are more the exception than the rule (Hoeksema and Bruna 2000) and the view of strict coevolution evolved towards a more complex and diffuse coevolutionary concept taking place at the community level (Stanton 2003) . Reasons for the scarcity of one-to-one interactions include the fact that specific biological associations require the development of particular ecological and physiological features in at least one of the interacting lineages (Brodie and Ridenhour 2002) , which might entail substantial energy investments. Moreover, specialization could also cause a loss of efficiency in the exploitation of other non-specific associated species (Thompson 1994) , which potentially makes these interactions sensitive to the loss of their specific partners. Thompson's theory on the geographic mosaic of coevolution (Thompson 2005 ) also predicts specialized interactions to be scarce in communities characterized by varying or disturbed environments: because biological interactions are expected to change along the distributional gradient, partner variations and multiple associations (McKinney 1997, Débarre and Gandon 2010) could be favoured and specialization might be then evolutionarily non-adaptive. Even if Thompson's view is sound, investigating simultaneously environmental variations and interactions is, in practice, a complex challenge. As a consequence, the environment-interaction relationship has been Published in Oikos, 2010 which should be used for any reference to this work only analyzed in a few multi-partners case-studies (reviewed by Laine 2009) . In contrast, specific interactions provide simple and adequate natural laboratories for this type of studies, because of the restricted number of interacting species.
The genus Arum (Araceae) is characterized by the display of specialized antagonistic pollination interactions with arthropods, which have been documented for all but one species (Gibernau et al. 2004 , Diaz and Kite 2006 , Lobin et al. 2007 ): insects visit the plant but no service or resource is provided in exchange for pollination. One of the most studied pollination systems in the genus is that of lordsand-ladies Arum maculatum, a widely distributed European species (Boyce 2006 . Its monoecious and protogynous inflorescences are formed by a spadix surrounded by a spathe, a characteristic feature in Araceae (Mayo et al. 1997) . The lower part of the spathe is narrowed and encloses the fertile flowers, forming the floral chamber. During anthesis the chamber opening is covered by modified male flowers, the staminodes (Boyce 1993) , which thus close the only aperture. In combination to these morphological features, plants of this species present a complex combination of heating cycles and odour production, which help lure small coprophillous Psychodid flies. Duped flies are attracted to the smelling flower and, after landing on the oily spathes, slip into the floral chamber. Because of the staminodes, they cannot fly away, being thus trapped for several hours. While trying to flee they move in the chamber and will -if they had been recently trapped by another Arum -passively pollinate the receptive female flowers. After the female phase, pollen release takes place and the trapped hairy flies are covered with it. Once pollen is liberated, staminodes wither, walls lose their oily nature and the captive insects are set free (Lack and Diaz 1991) .
Among the Arum species known to show lure-and-trap pollination, A. maculatum has called the attention of ecologists for decades notably because it appears to display a highly specific pollination biology (Beck 1983 , Lack and Diaz 1991 , Diaz and Kite 2002 . Whereas other Arum species are pollinated by a guild of visiting insects (Gibernau et al. 2004) , investigations concurred in demonstrating that A. maculatum relied only on the fly species Psychoda phalaenoides (Diptera: Psychodidae) (Diaz and Kite 2002) . Even if researchers have also identified other species (mainly Smittia pratorum (Diptera: Chironomidae) and Psycha grisescens (Diptera: Psychodidae)) trapped in floral chambers, these were present in very small proportions compared to P. phalaenoides, and because they were carrying significantly less pollen grains than the former it was assumed that their occurrence in the flower was accidental (Diaz and Kite 2002) . Since at the several locations studied in western Europe the species composition of visiting insects was similar, and because in all sites P. phalaenoides was by far the most frequent visitor, it became tacitly accepted that the interaction between the plant and P. phalaenoides was species-specific (Gibernau et al. 2004 ) and constant all over the A. maculatum distribution range. However, the plant is distributed across a much wider area than that studied since it covers a large part of the occidental Palearctic from Spain to Denmark and from Ireland to Bulgaria (Boyce 2006) and thus potentially spans a wide diversity of climatic conditions and environments.
The theory of the geographic mosaic of coevolution would therefore predict that specialization should not be maintained throughout the plant's distribution range, and that the identity of pollinators might change in space, along environmental conditions. In order to test such predictions, we aim in the present work at: 1) evaluating the visitors composition of A. maculatum inflorescences with an unprecedented coverage of the whole plant's distribution range; 2) analyzing to what extent the putative spatial variation in visitors identities is correlated with environmental variations associated with climatic factors.
Material and methods

Sampling and insect identification
Fifty-six populations of Arum maculatum were sampled across the whole plant's distribution range (Supplementary material Appendix 1) during springs 2006, 2007 and 2008. To avoid biases related either to regional differences in the sampling effort or to local inter-annual variation, populations were sampled when possible based on a 200km grid (not shown), and all main European regions (i.e. central and northern Europe, Balkans, Italian Peninsula) were visited all years. Plant populations were sampled during blooming period and depending on populations sizes, up to ten floral chambers per population were randomly selected and collected (Supplementary material Appendix 1). Floral chambers and their visitors were independently kept in 70% ethanol. Insects were identified when possible to species with the help of entomological keys (Chinery 1976 , Withers 1988 , Ježek 1990 , Oosterbroek 2006 . Arthropods were counted, and proportions were calculated per population, per floral chamber and for the totality of the samples.
Spatial and environmental structure in the composition of visitors
Spatial variation of the floral chamber fauna was analyzed using ArcMap 9.3 (ESRI, Redlands CA, USA) by plotting and examining the compositions of all sampled visitors. To test for climatic factors influencing the composition of visitors found in the floral chambers, we performed a canonical correspondence analysis (CCA) (ter Braak 1986) using the library ade4 (Thioulouse et al. 1997 ) on R 2.10.0 (R Development Core Team 2010). The CCA is designed to extract synthetic environmental gradients from ecological data sets, by describing the differential habitat preferences (i.e. from a climatic point of view in our study) of taxa via an ordination diagram. Climatic values were extracted for each sampled point from seven WORLDCLIM layers at a resolution of 2.5 arc-minutes (Hijmans et al. 2005) . Layers were chosen based on their ability to describe basic general characteristics of the environment (mean annual and seasonal temperatures and precipitations). Finally, the CCA was calculated on visitor abundances at different taxonomic levels (classes, orders, families, different species of Psychodids; Supplementary material Appendix 1).
Simultaneously, in order to identify the climatic factors explaining the variation in abundances of the two most frequent and constant visiting species (i.e. Psychoda phalaenoides and Psycha grisescens), we calculated their proportion at each population, and adjusted a general linear model (GLM) with a binomial distribution considering the climatic variables previously extracted. Finally, the significance of the parameters estimated was tested by a Wald-z statistic, as implemented in the function glm in R 2.10.0.
Results
General composition of visitors
Two hundred and eighty-four floral chambers were collected from the 56 visited locations, containing a total of 11 036 arthropods. The mean number of arthropods trapped per population and per floral chamber were 187.05 (SE  53.22) and 38.58 (SE  8.03), respectively.
Absolute overall proportions were as follows: arthropods belonged to classes Arachnida (5.53%) and Insecta (94.47%). The totality of Arachnida was represented by the subclass Acarina. Insecta were composed of orders Diptera (92.68%), Collembola (1.21%), Hemiptera (0.38%) and Coleoptera (0.19%). The far most important proportion of Diptera was formed by the family Psychodidae (87.49%) in which main visitors were females of Psychoda phalaenoides (84.27%), followed by Psycha grisescens from both genders (2.06% females and 0.70% males); these two species together represented 87.03% of all arthropods trapped in the flower chambers. The remaining Psychodid species were very little represented and accounted for 0.46% of the total sampling.
Based on these results and in order to identify general patterns in the composition of visiting insects, sampled locations were classified according to the relative numbers of the two most abundant species P. phalaenoides and P. grisescens: locations comprising more P. phalaenoides than P. grisescens were defined as 'p' sites, while locations comprising more P. grisescens than P. phalaenoides were considered as 'g' sites (Supplementary material Appendix 2). As shown in Fig. 1 , sites 'p' and 'g' not only differed in the relative abundance of the two most frequent species but also in the composition and overall abundance of visitors. In 'p' sites, the composition was strongly dominated by females of P. phalaenoides, with very small proportions of other groups, and a particularly high number of visitors (70) in about half of them. In 'g' sites, the number of visitors was low (a maximum of 77), both males and females of P. grisescens were dominant, but other insect groups were also found in non-negligible proportions (Supplementary material Appendix 1). Fig. 2a ). Moreover, when pies are resized proportionally to the total number of visitors (Fig. 2b) , a pattern appears, with populations from the south being also less visited than those from the north, and this, irrespective of the year of collection (data not shown, but see Supplementary material Appendix 1).
Geographic variation in the composition of visitors
Influence of climate on visitors' composition
The composition of the floral chambers' fauna seems to be mainly determined by the first CCA axis (64.95% variance explained), with P. phalaenoides, Acarina and P. setigera showing an opposite ordination to that of the other groups (Fig. 3a) . It is worth noting that the correlation between the abundances of the two most commonly found species (i.e. P. phalaenoides and P. grisescens) is strongly negative. Regarding climatic variables (Fig. 3b) , 'p'-type and 'g'-type populations are differentiated by temperatures, which are negatively correlated to the amount of precipitations: 'g'-type populations are associated with higher temperatures and lower rain rates than are 'p'-type.
The GLM shows that proportions of the two main visitors P. phalaenoides and P. grisescens are explained by annual precipitations (p  0.023; Table 1 ) and precipitations during the warmer quarter (p  0.007; Table 1 ). The proportion of P. grisescens increases with higher annual precipitations and lower precipitations during the warmer quarter. The opposite effect is observed for P. phalaenoides.
Discussion
A more complete insight on the composition of A. maculatum pollinators
Species-specific interactions are rare, because their persistence strongly relies on tight and durable coevolutionary forces. Such conditions are particularly difficult to maintain Figure 1 . Proportions of Arthropods, Diptera and Psychodidae found in floral chambers. Total numbers according to the two pollinators' community categories are indicated (i.e. 'p': populations harbouring more P. phalaenoides than P. grisescens; 'g': populations harbouring more P. grisescens than P. phalaenoides; see text). Legend is shown at the right of the corresponding bars.
interaction between A. maculatum and its main pollinator is not preserved throughout the whole distribution range of the plant: both the total number of visitors and their composition are structured spatially (Fig. 2) . Overall, there was in species with wide distributions, in which environmental pressures are highly heterogeneous across their distribution ranges (Thompson 1994) . Accordingly, our results indicate that the reported consistency in the strong and specific reliable pollen vectors, but this does not exclude their potential importance in cross-pollination when main visitors lack.
Variation in the attracted insect genders
Our study points out that A. maculatum flowers capture mainly females of P. phalaenoides, but both sexes of P. grisescens (Fig. 1) . This result is in agreement with the findings of Diaz and Kite (2002) , who described a similar trend in southern England. It is therefore likely that the odour cues released by the plant are different or are interpreted differently by the two species. Whereas P. phalaenoides females are attracted by A. maculatum odours that mimic their laying substrate (i.e. cow-dung; Kite 1995) , one could imagine that this same odour also represents a mating site for P. grisescens (at least in males). This would be plausible since cases in which insects mate at their laying sites are not rare (Crowson 1981 , Petit et al. 2007 .
The effect of the environment on plant-insect interactions
Our results show that the composition of arthropods found in floral chambers of A. maculatum is correlated with climatic variables (Fig. 3, Table 1 ). The two most abundant visitors (i.e. P. phalaenoides and P. grisescens) were negatively correlated in the CCA, indicating that there is a strong differentiation of populations visited by one or another species in response to environmental conditions (Fig. 3a) : populations dominated by P. grisescens (type 'g', open circles in Fig. 3) were mainly clustered in regions displaying higher summer temperatures combined with lower rain rates. This pattern is also confirmed by the GLM results, in which annual precipitations and precipitations during the warmest quarter were significantly correlated (positively and negatively, respectively) with the relative proportions of P. grisescens and P. phalaenoides. a large variation in the abundance of P. phalaenoides specimens at each sampled site (ranging from zero to more than a thousand, Fig. 2b ). Populations harbouring high numbers of P. phalaenoides females were mainly found in central and northern Europe, whereas those hosting a lower number of visitors -generally more diverse and mainly composed of P. grisescens males and females (82.96%) -were found in the Mediterranean area as well as in northern France (Fig. 2,  Supplementary material Appendix 2). The similar behaviours, morphologies and ecologies shared by P. phalaenoides and P. grisescens probably attest to the ability of the latter in transporting A. maculatum pollen. However, the pollination effectiveness of P. grisescens should be investigated in these populations before unambiguously confirming its identity as a real pollinator. Because A. maculatum can also reproduce by clonal means (Boyce 1993) , further population genetics analyses in the plant all over its southern range of distribution could provide information on its level of crosspollination and consequently, on the ability of P. grisescens to efficiently transfer pollen from one plant to another. Finally, other arthropods captured by A. maculatum were less abundant and were not structured geographically (Fig. 2) . They appear to be more casual and accidental visitors than composition of the fauna captured in floral chambers strongly varies across the distribution range of the plant, with P. grisescens becoming notably more abundant in the Mediterranean region. As a consequence, diversity and abundance of arthropods are geographically structured (without any notable inter-annual effect), indicating that all over its distribution range the plant might exploit at least two species and not a single one, as previously assumed. Our results show that variation in environmental conditions, particularly in rain regimes, is correlated with changes in the visitors' composition. This climatic effect could be explained by the role played by water stress in modifying the phenology of either the plant or the insect, or the physiology of volatile and heat production in the plant. Precipitation-related factors therefore affect not only the visitors' composition of the plant, but also the specificity of the pollination interaction.
This study provides evidences confirming predictions of the theory of the geographic mosaic of coevolution, directly demonstrating that environmental variation does have an impact on antagonistic interactions. It finally points out the importance of applying large-scale surveys when challenging the existence of putative one-to-one interactions.
It appears that precipitation-related factors modify the visitors' composition and do therefore affect the dynamics of the interaction between A. maculatum and its pollinators. These results tend to show that predictions from the theory of the geographic mosaic of coevolution (i.e. variation of the interaction in a variable environment) apply to the case of A. maculatum. This is, to our knowledge, one of the few studies (see also Toju 2008) in which the expectations of Thompson's theory match the observed pattern in the context of interacting species, and the first time it is demonstrated in plant-insect antagonistic interactions beneficial to the plant.
The proximal factors underlying this effect might be explained by three non-mutually exclusive hypotheses. First, because most 'g' sites were found in the Mediterranean region -which is characterized by rain regimes different from those of temperate Europe, with at least one marked dry season (Quézel 1985 ) -water stress might influence the plant phenology, leading it to flower at different time periods, uncoupled with the life cycle of P. phalaeonoides. As a consequence, it is possible that when Mediterranean A. maculatum blossom, their main pollinator P. phalaenoides is not present yet/anymore. Second, differences in precipitations could have an impact on the physiology of volatile and heat production, which are known to be both energetically costly (Minorsky 2003 ) and a key-factor for the attraction of pollinators in this system. Since changes in rain regimes and rates can put plants under water stress and modify their metabolism (Gouinguene and Turlings 2002, Baldwin et al. 2006) , one could imagine that A. maculatum plants from sites visited mainly by P. grisescens present different odour/ heat patterns than those visited mainly by P. phalaenoides, the latter relying on a much more constant water supply. These differences could make 'g'-type populations less successful than 'p'-type populations in terms of attraction of the most efficient pollinator (i.e. P. phalaenoides), this would also be in agreement with both their lower number of visitors and higher arthropod species diversity. Finally, it is also possible that changes in water resources modify the insects' life cycles, limiting their phenological overlap with plants blossom. This seems however unlikely, since faunistic records indicate that both fly species are always present long before and after the flowering period, and over a larger distribution range than that of the plant (Ježek and Barták 2000, Fauna Europaea 2004 ). An alternative would be that even if P. phalaenoides is known to occur in the Mediterranean region, this area constitutes a marginal habitat of lower suitability, in which the species is rather rare compared to more northern habitats. In order to test this hypothesis, further intensive entomological collections should be performed all over the insect's distribution range.
Conclusion
In this study we show that arthropod visitors of A. maculatum are mainly restricted to the two Psychodids P. phalaenoides and P. grisescens. Overall, as previously observed at a more limited geographical scale (Beck 1983, Diaz and Kite 2002) , P. phalaenoides females are the most abundant visitors of A. maculatum flowers. However, the abundance and
